The electronically controlled fuel injection system (EFI) has been originally developed to improve the spray combustion at low load, where the fuel injection pressure is reduced compared to the design point at full load, emitting more smoke and particulate matters (PM). In this paper, some variant possibilities for the application of EFI in marine engines are introduced, regarding NOx reduction and improvement of low-grade fuel combustion. The effects on spray combustion are demonstrated using a specially designed visual test engine.
Introduction
Marine diesel engines are designed according to the specific design point at full load. At this point combustion performance is optimized, minimizing fuel consumption as well as pollutant emissions. While leaving or entering harbours as well as within coastal areas in general, marine engines are operated at low loads. Low load operation results in a deviation of engine parameters such as reduced injection pressures, having direct influence on fuel-air mixture formation and combustion performance. Thus pollutant emissions such as smoke and particulate matter (PM) are increased during low load operation. The electronically controlled fuel injection system (EFI) has accordingly been developed to improve the spray combustion, reducing the smoke and PM emission at low loads. In the present study, the following effects of EFI on spray combustion are demonstrated by visualizing the burning flames using a specially designed visual test engine. 1. Drastic improvement of bunker fuel spray combustion by combining smaller injection holes and higher injection pressure (raised to 150 MPa) for a side injection system usually applied to 2-stroke low speed engines. 2. NOx reduction accompanied by smaller sacrifice of specific fuel consumption due to "rate-shaping", controlling the fuel injection pressure at the beginning of injection using EFI, compared to the normal NOx reduction techniques like injection-timing-retard. 3. Pre-and pilot-injection for low grade and low ignitable fuels in regard to the following background: There is the possibility that fuels such as light cycle oil, LCO (= cracked gas oil) with low sulfur content however low ignitability enter the market after 2016, when fuel with lower sulfur than 0.1% must be used in ECA (Emission Control Area) according to IMO regulation. Especially medium-and high-speed engines could suffer from diesel-knock and after-burning if LCO is supplied. It is clear that the conventional cylinder lubrication system is still an effective one because there are not increasing number of defects in cylinder parts.
Experimental Procedure

Visual Test Engine
In order to observe the combustion process, a single cylinder, uni-flow type 2-stroke cycle test engine with a 190 mm bore and a 350 mm stroke is used. This engine is equipped with a transparent piston as illustrated in Figure 1 . The test engine is externally super-charged to about 0.3 MPa scavenging air pressure. At the beginning of the experiments, the engine is driven by an electric motor in order to keep the glass window of the piston clear. After reaching a speed of 360 rpm, fuel is injected for 6 cycles (1 sec) and the flame is photographed by a high-speed video camera as indicated in Figure 1 .
A normal 2-stroke marine diesel engine with a "side injection system" has at least two fuel injection nozzles (opposite to each other) per one cylinder. Likewise, in the visual test engine two fuel nozzles (each has 4 injection holes) can be installed and a Pmi of 1.5 MPa can be reached when burning the fuel injected from the two nozzles. However, for the photos used in this study, only one nozzle is set, in order to observe one flame clearly and avoiding overlapping of multiple flames. Therefore the quantity of fuel injected is half of what would be injected by two nozzles. NOx emission is measured by sampling exhaust gas during the 6 firing cycles, though such data must be rougher compared to that from normal running tests.
EFI, Electronically Controlled Fuel Injection System
The visual test engine is equipped with the EFI shown in Figure 2 , thus enabling us to carry out the experiments smoothly while changing the fuel injection condition. The following effects of EFI application are examined:
•NOx reduction by typical rate shaping as explained in 3.2 •Combustion improvement of poor ignitability fuel by using pilot injection as explained in 3.3 Figure 3 shows the fuel injection patterns of three cases, (A) applying a conventional cam-type injection system, (B) applying a conventional system + smaller injection nozzle holes (smaller total hole area) than in (A) and (C) applying the EFI system + same injection nozzle as in (B). As shown in this figure, the conventional system injects the fuel with a pressure of 110 MPa for a duration of 23 degrees. In case (B), the fuel is injected through smaller nozzle holes (75% of case A), thus injection pressure is increased to 140 MPa while the injection duration is extended to 28 degrees. Applying EFI (case (C)), the injection pressure can be raised as high as 160 MPa keeping the injection duration as short as in case (A). For the experiments, a bunker fuel oil (BFO) with high aromaticity [1] is used in order to demonstrate the effect of improving low-grade fuel combustion by EFI. In Figure 4 , the burning flames according to the three different injection patterns of Figure  3 are compared from 16 to 28 degrees ATDC. In each case, four fuel sprays are injected from one nozzle as shown in the figure, and a flame composed of four sprays is spreading anti-clockwise along the air swirl. The flame touches the piston surface at the lower right part of the visual field. It is possible that soot-clouds are formed when a fuel-rich spray is cooled down by the piston surface [2] . In case (A), a black soot-cloud is formed in the previously mentioned region at 16 deg. ATDC and becomes gradually larger as combustion proceeds. This phenomenon cannot be clearly observed in the flame images of cases (B) and (C). The visual data reveals an improvement of fuel distribution in the spray by combining smaller injection holes and higher injection pressure. Comparing case (C) with case (B), it is clear that the flames in case (C), applying EFI, are slimmer, burning up with spatially shorter flame-length, while the flames of (B) are burning for a longer period due to the extended injection duration. The improvement of combustion from cases (A) to (C) would surely lead to a reduction of PM in the exhaust gas. Moreover, the combination of smaller injection holes and higher injection pressure would be expected to be a way to avoid the troubles to the piston ring and cylinder liner caused by the dry-out of the lubricating oil film [1] . The shorter burn-up length would decrease the cylinder liner surface temperature and reduce the probability of the flame touching the liner surface. Figure 5 shows the heat release rate for each case. As expected, case (C) with EFI shows an especially high rate and short combustion duration with less after-burning. However, such a combustion mode could generally form more NOx due to higher combustion temperatures.
Experimental Results
EFI for bunker fuel combustion
EFI for NOx reduction (Rate shaping)
NOx reduction accompanied by a smaller sacrifice of specific fuel consumption (SFC) due to "rate-shaping" is examined by controlling the fuel injection pressure at the beginning of injection using EFI. Figure 6 shows the experimental results: flame temperature distributions, applying "fuel injection timing-retard" and "rate-shaping" ("Boot" in the figure) . In this test, the change in SFC is roughly estimated by measured Pmi, adjusting the injected fuel (marine diesel oil) quantity same for all cases. To obtain the flame temperature distribution from the images taken by the high-speed video (CMOS) camera, the "two-colour method", explained in detail in the reference [3] , is applied. The temperature analyzed by this method represents the mean value through the thickness of the flame. The formation of NOx, a product from thermal dissociation of combustion air, is strongly influenced by the maximum combustion temperature (flame temperature). For example, lowering the flame temperature of 200K realizes a NOx reduction to one tenth [4] . Case (a) is the standard condition where fuel is injected at 5 deg BTDC. In this case, the flame in the figure at 5 deg. ATDC (equal to 10 degree after the injection start) is almost covered with red colour which represents high flame temperatures of over 2400 K. In case (b), fuel injection timing is simply retarded to 5 deg ATDC. In this case, the red, high temperature areas in the flame at 15 deg. ATDC (also equal to 10 degree after the injection start) are much smaller than in case (a) and half of the flame corresponds to green colour, representing flame temperatures of about 2300 K. It can be reasoned that main combustion duration has been delayed and reached into the expansion stroke. This results in a deterioration of thermal efficiency at the same time. Considering the data of NOx and SFC, NOx emission is lowered to about 60%, however SFC is increased by over 10% compared to case (a). Case (c) is a typical "rate-shaping" case, carried out by combining two sets of EFI, as explained in 2.2. In this case, one third of the fuel is injected in the earlier stage (represented as 'Pre' in the figure) at a lower injection pressure (50 MPa), and the rest is injected afterwards with a pressure of 140 MPa (as 'Main' in the figure). Fuel injection timing is selected so as to match the maximum cylinder gas pressure to that of case (b). This case shows similar flame temperature distribution as case (b) and therefore also about 40% NOx reduction compared to case (a) is achieved. Moreover the sacrifice of SFC is about one half of that of case (b) due to earlier combustion completion.
EFI for LCO combustion (Pilot injection)
Considering the situation as mentioned in the introduction, experimental investigation showing the influence of LCO on the overall combustion characteristics as well as development of measures to avoid combustion troubles due to LCO application are necessary. Figure 7 -9 show some results of the visual tests of the LCO spray combustion and of the effect of pilot injection [5] for compensating the poor ignitability of LCO. As shown in Figure 9 , the transparent piston crown is processed so as to simulate a part of a combustion chamber of a large sized medium speed 4-stroke cycle engine (300 mm bore class) and one spray/flame is injected and observed. Although the pilot spray must be injected from the same nozzle hole as the main spray when applied to actual engines, the pilot spray, in the present study, is injected from another smaller hole than the main injection hole, utilizing the function of a double needle type injection nozzle. Figure 7 shows the fuel injection patterns for the tests injecting (A) Gas oil, (B) LCO and (C) LCO with pilot injection. In case (C), only 3% of the fuel quantity is injected as pilot injection at about 10 degree prior to main injection. Figure 8 shows the heat release rate for each case. Comparing case (B) (LCO) with (A) (Gas Oil), the longer ignition delay of (A) Gas Oil (B) LCO (C) LCO +Pilot Figure 9 Visualized after-burning flames (temperature distribution at 24 deg. after (main) injection start) (Simulating half or low load of highly turbocharged medium-speed 4-stroke engine)
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Double needle nozzle for pilot injection Transparent piston crown for simulation of large 4-stroke diesel engines LCO is followed by an extremely high, diesel knock like, peak during pre-mixed combustion in case (B). On the other hand, in case (C) applying the pilot injection the heat release during pre-mixed combustion is suppressed and shows almost similar rates as in the case of Gas Oil combustion. Figure 9 shows the flame temperature distribution in each case at 24 degrees after injection start (24 degrees after the main injection start in case (C)). At such a late timing, the piston starts to move down and the liner surface becomes exposed to the "squish area" shown in this figure. In case (B), it is clear that almost the whole squish area is occupied by high temperature flames, while most of the flames in case (A) have already burned up. On the other hand, in case (C) using pilot injection, high temperature regions in the squish area are reduced, preventing the flame from touching the liner surface. These tests have been carried out at a speed of 400 rpm. In case of 720-1200 rpm class medium and high-speed engines, it is more probable that the long ignition delay, long after-burning and long flame-length of LCO combustion at low load result in some troubles. In this study, it has been demonstrated that the pilot injection as an application of EFI could be a way to settle not only the diesel-knock but also the after-burning near the cylinder liner wall.
